Frequency standards based on narrow optical transitions in 27 Al+ and 199Hg+ ions have been developed at NIST. Both standards have absolute reproducibil ities of a few parts in 10 17 . This is about an order of magnitude better than the fractional uncertainty of the SI second, which is based on the 133Cs hyper fine frequency. Use of femtosecond laser frequency combs makes it possible to compare the optical frequency standards to microwave frequency standards or to each other. The ratio ofthe Al+ and Hg+ frequencies can be measured more accurately than the reproducibility of the primary cesium frequency standards. 'Frequency measurements made over time can be used to set limits on the time variation of fundamental constants, such as the fine structure constant Q or the quark masses.
Introduction
Frequency is the physical quantity that' can be measured the most accu rately and reproducibly. Atomic frequency standards are based on transi tions between the quantized energy levels of atoms. Since atoms of a par ticular type, for example 133Cs, are identical, atomic frequency standards based on the same atomic transition should have the same frequency. For this reason, their actual frequencies can have some physical significance, in contrast to frequencies based on macroscopic objects, such as quartz crystals or electromagnetic cavities, or astronomical cycles. Since 1967, the SI (Systeme International) unit of time has been defined in terms of an atomic transition frequency. To be more precise, the SI second was defined as 9 192 631 770 periods of the radiation corresponding to the transition between the two hyperfine levels of the ground state of 133CS. 1 In practice, frequency standards based on the same atomic resonance frequency do not agree exactly because of errors introduced, for example, by motion (Doppler shifts), by external fields that shift the frequencies, or by errors in the apparatuses used to determine the frequencies. The reproducibilities of atomic frequency standards have steadily improved. At the time when the SI second was redefined in terms of the cesium transition, frequency standards based on cesium were accurate to about one part in 2 
10
12 . Currently the accuracy of cesium standards is about 3.3 parts in 10
16 .
There is nothing in principle to prevent an atomic frequency standard from being more reproducible than the best cesium standards. However, it is impossible to express a frequency in SI units (Hz) any better than the accuracy of cesium standards, because they define the SI unit of time. This limit does not apply to the measurement of a frequency ratio between two different frequency standards.
Frequency standards based on optical transitions in the mercury ion and the aluminum ion have been developed at the National Institute of Stan dards and Technology (NIST). Both are based on narrow optical transitions in single trapped ions. According to estimates of their systematic uncertain ties, both the mercury and aluminum standards are more reproducible than the primary cesium frequency standards. Details of these devices have been published previously, so only brief descriptions will be given here.
Until relatively recently, the accurate measurement of optical fre quencies was difficult, involving complex chains of frequency-doubled and frequency-mixed lasers. Now, with the self-referenced femtosecond laser fre quency comb, the linkage of optical to microwave frequencies, or optical to optical frequencies, is relatively simple. 3 -5 A self-referenced femtosecond laser frequency comb generates a series of discrete, equally frequency-spaced modes. The mode spacing, frep, is given by the repetition rate of a mode locked laser, typically around 1 GHz. The frequency of an individual mode can be expressed as f(m) = fo +m x frep, where m is an integer. The offset frequency fo is measured by a method called self-referencing. If the hetero dyne beat frequency fbeat between an optical frequency standard and the nearest tooth of the optical comb is measured, then the frequency of the standard is known in terms of fo, frep, and fbeat, provided the integer m is known. This provides a link between the optical frequency and the frequen cies, fo, frep, and fbeat, which can be referenced to a microwave frequency standard. To measure the ratio of two optical frequencies, one tooth of the comb can be locked to one of the frequencies, and the beat note of the other frequency with the nearest tooth of the comb can be measured. The ratio of the two frequencies can then be measured without being limited by the accuracy of the cesium frequency standards.
Hg+ frequency standard
The mercury ion frequency standard is based on the transition from the ground 5d 10 6s 28 The various contributions to the systematic uncertainty of the mer cury ion frequency have been evaluated or estimated. 17 ,20 The second-order Doppler shift due to thermal motion is reduced by laser cooling to near the Doppler cooling limit. The second-order Doppler shift due to rfmicromotion is minimized by compensation of the stray electric fields. 21 The static mag netic field is periodically measured by observing the resonance line of a first order magnetic-field-dependent Zeeman component of the 28 1 / 2 (F = 0) to 2D s / 2 (F = 2) line. The frequency shift due to the interaction of the atomic quadrupole moment with a static electric field gradient is canceled by switching the magnetic field direction between three mutually perpendic ular directions. 17 ,22 The blackbody radiation shift is negligible, because the trap is operated at liquid helium temperature. An AC Zeeman shift due to unbalanced rf currents in the trap electrodes has been estimated and found to be smal1. 2o We plan to evaluate the AC Zeeman shift in the present trap by measuring the frequency of the ground-state hyperfine transition and comparing it to the accurately measured transition frequency at zero magnetic field. 23 The total fractional sYl'tematic uncertainty, given by the quadrature sum of the individu9.1 terms, is estimated 20 to be 1.9 x 10-17 .
Al+ frequency standard
The 267 nm transition from the ground 3s 2 1So state to the 3s3p 3Po state has a Q of 1.45 x 10 17 , making it attractive as the basis of a frequency stan dard. However, there is no strongly allowed transition available for laser cooling and fluorescence detection. The strongly allowed 167 nm 3s 2 1So to 3s3p 1PI transition would be usable for laser cooling and state detec tion, but narrowband tunable lasers are not readily available at that wavelength.
To get around the lack of a suitable transition for cooling and detection, Wineland proposed to simultaneously trap an auxiliary ion, which could be laser cooled and optically detected at a more convenient wavelength. 24 Because the two ions are coupled through the Coulomb interaction, the 27 AI+ "clock" ion is also cooled. Further, the superposition state of the clock ion can be transferred to the auxiliary ion, making use of the fact that they share a vibrational degree of freedom. That is, if the state of the clock ion is (aIS) + J3IP)), the state of the auxiliary ion becomes (all) + 1312)), where 11) and 12) are two of the ground-state hyperfine sublevels. This makes it possible to detect whether the clock ion has been driven to the metastable state by observing the fluorescence of the auxiliary ion. The use of this detection method, called quantum logic spectroscopy,26 represents an early, and arguably the first, application of the techniques of trapped-ion quantum logic 25 to a practical device.
The basic methods were demonstrated with a 27AI+ clock ion and a 9Be+ auxiliary ion, by use of the 27AI+ 1So to 3PI transition. 26 More re cently, the 27 Al+ 1So to 3Po transition has been observed. 27 Details of the methods used to frequency-lock a laser to the 27 AI+ 1So to 3Po resonance have been published. 2o ,27,28
The total fractional systematic uncertainty of the AI+ frequency stan dard is 2.3 x 10-17 . The various contributions are discussed in detail else where. 20 ,27 The greatest part of the systematic uncertainty is due to the second-order Doppler shift, from both the thermal motion and the micromo tion. The linear Zeeman shift is cancelled by observing Zeeman components with reversed mF and averaging the frequencies. The blackbody radiation shift is unusually small for an optical frequency standard because of a for tuitous cancelation between the 1So and 3Po quadratic Stark shifts. 29 The fractional frequency shift at 300 K is (-8 ± 3) x 10-18 . At the normal operating temperature of the frequency standard, it is (-12 ± 5) x 10-18 .
A second AI+ frequency standard that makes use of a physically larger trap has been constructed. Because the heating rate of trapped ions has been shown to scale roughly as d-4, where d is the distance to th'e nearest electrode, this should reduce second-order Doppler shifts. Also, the auxiliary ion used for cooling and detection is 25Mg+ rather than 9Be+. The fact that the mass is closer to that of the 27AI+' clock ion makes the cooling more efficient. In the second trap, a narrower linewidth of the clock transition of 2.7 Hz has been observed. 3o The two AI+ frequency standards have been operated simultaneously. In these preliminary measurements, the frequency 30 difference was (-2 ± 3) x 10-17 .
Hg+ -AI+ frequency comparisons
The Hg+ and AI+ frequency standards have been operated simultaneously.
If one tooth of the femtosecond comb is phase-locked to one of the stan dards, and the heterodyne beat freque!1cy between the other standard and the nearest tooth is measured, the frequency ratio of the two standards can be obtained in a way that does not depend on the accuracy of any microwave frequency standards used as references. The instability of the " frequency ratio is described by an Allan deviation O'y( 7) (fractional error for a measurement duration 7) of 3.9 x 10-15 7-1 / 2 for 7> 100, where 7 is expressed in seconds. 2o Both standards are thought to contribute approxi mately equally, in an uncorrelated manner, to the instability of the ratio, so the fractional frequency instabilities of both standards are given by O'y(7) = 2. within the experimental uncertainty. Atomic hyperfine transition frequencies are dependent not only on a but also on nuclear parameters, such as the nuclear magnetic moment and the nuclear size, which depend on the strong interaction. It is convenient to parameterize the strong-interaction coupling in terms of the dimensionless ratio X q = m q/ AQCD, where m q = (ml.l + md)/2 is the average of the up-and down-quark masses, and AQCD is the quantum chromodynamics scale. 36 ,37 The drift of the ratio of the 87Rb and 133Cs hyperfine frequencies has been measured to be (-5.2 ± 7.9) x 1O-17 /year. 38 The dependence of the hyperfine frequencies on a and on X q have been calculated. 36 ,37 By use of these calculations, the 87Rb_ 133 Cs and Al+-Hg+ frequency ratio drift data can be used to place a limit on the fractional rate of change of X q of (l/Xq)(dXq/dt) = (0.3 ± 2.5) x 1O-14 /year, consistent with zero. 37
